A family of heptapeptide-based chloride transporters (called synthetic anion transporters, SATs) were designed to insert into phospholipid membrane bilayers and form pores. Many of these compounds have proved to be chloride selective transporters. The transporters were designed to incorporate hydrophilic heptapeptides that could serves as headgroups and hydrocarbon tails that could serve as hydrophobic membrane anchors. Insertion of the SAT molecules into a bilayer requires approach to and insertion at the aqueous-membrane surface. The studies reported here were conducted to model and understand this process by studying SAT behavior at the air-water interface. A Langmuir trough was used to obtain surface pressure-area isotherm data. These data for amphiphilic SATs were augmented by Brewster angle microscopy (BAM), molecular modeling, and calculations of the hydrophobicity parameter log P. The analyses showed that the heptapeptide (hydrophilic) module of the SAT molecule rested on the water surface while the dialkyl (hydrophobic) tails oriented themselves in the air, perpendicular to the water surface. Brewster angle microscopy visually confirmed a high order of molecular organization. Results from these studies are consistent with the previously proposed mechanism of SAT membrane insertion and pore formation.
Introduction
Transport of cations and anions through cellular phospholipid bilayer membranes is critical to maintain the vitality of most organisms [1] . The proteins that transport Na + , K + , Ca 2+ , and Cl -, are complex and quite different from each other. During recent years, we [2, 3] and others [4] [5] [6] [7] have developed synthetic models for ion channels that accomplish many of the functions of their natural counterparts, although they are typically less selective and/or efficient. We termed the family of Na + -selective transporters that we developed "hydraphiles" [8] . These are typically tris(crown) compounds designed to span a bilayer and conduct a cation through the bilayer by forming a uni-molecular pore [9] . Although the hydraphiles were designed and synthesized before the first cation channel structure [10] was known, the similarity in structural features is striking.
The remarkable complexity [11] of the ClC family of Cl -transporting proteins [12, 13] has presented an equally daunting challenge. Our approach [14, 15] to this problem was to prepare an amphiphilic peptide of the general form (C 18 H 37 ) 2 N-COCH 2 OCH 2 CO-(Gly) 3 -Pro-(Gly) 3 -OR 1 that emulated a phospholipid monomer and incorporated four structural modules. A dialkylamine residue, typically bis(octadecyl)amine, mimicked the twin fatty acid chains typically present in a phospholipid [16] . The lipid's glyceryl unit (mid-polar regime) was approximated first by diglycolic acid [17] . This diacid possesses three oxygens in locations similar to those of glycerol and is readily converted from its anhydride form to the dialkylamide monoacid R 2 NCOCH 2 OCH 2 COOH in a single step. The third module is the peptide [18, 19] . Our first studies used ∼(Gly) 3 -Pro-(Gly) 3 ∼ because the ClC family proteins have a conserved G-X-X-P unit within their presumed ion conduction pathway [20] . Finally, the peptide's Cterminal carboxyl was protected either as an ester or amide. The latter residue often served as an additional membrane anchor [21] .
The first compound in this family, (C 18 H 37 ) 2 N-COCH 2 OCH 2 CO-(Gly) 3 -Pro-(Gly) 3 -OCH 2 Ph, mediated the release of Cl -or carboxyfluorescein from phospholipid vesicles. Its proposed mechanism of membrane insertion is depicted in Fig. 1 . Biophysical studies revealed that these synthetic anion transporters (SATs) were at least 10-fold selective for Cl -over K + and that the pores they formed were typically dimers [22] . Despite extensive structural modifications in conjunction with transport studies, many questions remain. Two points are of critical interest to us. First, what part, module, or fragment of the SAT is hydrophilic and which portion(s) is hydrophobic? It seems obvious that when the dialkyl chains are octadecyl this module is hydrophobic. When the alkyl groups are hexyl and the C-terminal anchor is heptyl or decyl, the clarity fades. Second, when the SAT inserts into the bilayer, what portion, fragment, or module remains at or near the bilayer-aqueous interface? We therefore decided to assess the surface interactions of SATs and several close relatives by measurement of surface pressure-area isotherms in a Langmuir trough. This effort was augmented by observing the monolayers using a Brewster angle microscope (BAM).
A systematically varied family of compounds related to 1 was prepared, and their behavior at the air-water interface was examined. The hydrocarbon chains were held constant in compounds 1-5 to investigate the hydrophilicity of the heptapeptide pore-forming moiety. Surface pressure-area isotherms, BAM, molecular modeling, and the hydrophobicity parameter log P were utilized to investigate the surface behavior of synthetic anion transporters.
Results and discussion

Compounds studied
Five compounds were used in the present study. They are shown as 1-5 in Fig. 2 . Compounds 1-5 possess twin octadecyl groups at the N-terminal end of the molecule. The peptide chain was shortened from ∼(Gly) 3 -Pro-(Gly) 3 ∼ (1) to ∼(Gly) 3 ∼ in 2 and to a single glycine in 3. Compounds 4 and 5 possess no amino acids and may be represented as (C 18 H 37 ) 2 N-COCH 2 OCH 2 COX in which X = OH (4) or OCH 2 Ph (5).
Surface pressure-area isotherm data
When an amphiphile is spread on water at low surface concentration, the initial molecular organization is random. As the barrier is drawn across the trough, the surface area available to the amphiphiles is reduced and the molecules are pushed closer together. The surface pressure (π) will increase, provided the molecules remain on the surface and do not form bulk aggregates. As the pressure increases and the amphiphiles are compressed into a smaller area, the molecular organization increases as molecules make contact and begin to interact. An increase in pressure (in mN m -1 on the ordinate) is observed as the mean molecular area (abscissa) decreases. An inflection point signals the transition from one phase (type) of organization to another. The first such inflection is typically from the liquid-expanded phase to the liquid-condensed phase. As surface area is further reduced, a point is reached at which structural collapse occurs and molecules are forced out of the two-dimensional plane.
In the studies described here, compounds 1-5 were individually spread on MilliQ® (>18 M) purified water in a commercial Langmuir trough (NIMA Technology) [23] . Fig. 3 shows data for 1 spread on pure water (solid gray line). Initially, the surface pressure is near zero. As the area per molecule is reduced to ∼165 Å 2 , the surface pressure begins to rise as 1 enters the liquid-expanded phase. A change in curve shape (inflection point) at 74 Å 2 suggests that 1 is no longer randomly distributed on the aqueous surface and that an ordered phase is beginning to form. In the region of the isotherm between 74 Å 2 and 52 Å 2 , 1 is in the liquid-expanded + liquid-condensed coexistence region. After 52 Å 2 , the liquid condensed phase is compressed further until the monolayer becomes solid-like. The lateral pressure increases until an area of 40 Å 2 is reached, whereupon the monolayer collapses.
Compounds 1-5 contain the (C 18 H 37 ) 2 N-COCH 2 OCH 2 COX residue. Compounds 1-4 are benzyl esters and 5 is the free acid (X = OH). Although compound 5 is unique in this series because it is an acid, it is otherwise identical to 4, its benzyl ester. Compounds 1-3 contain the (C 18 H 37 ) 2 N-COCH 2 OCH 2 COX subunit as well, but they are extended on the C-terminal side by (Gly) 3 -Pro-(Gly) 3 (1), triglycine (2), or glycine (3). Compounds 1-4 all possess C-terminal benzyl esters. In 1-5, the hydrophobic dioctadecylamine tails are connected to the hydrophilic "headgroup" by a diglycolic acid residue. The isotherm data recorded for 1-5 ( Fig. 3) show that as the polar head-group size increases, the corresponding isotherm displays an increase in the molecular area at which the surface pressure begins to rise. This initial rise is attributed to the monolayer phase with the least order. For compounds 1-4, the area at which the surface pressure first rises represents the onset of the liquid-expanded phase. For compound 5, the initial rise appears to represent direct onset of the liquid-condensed phase. There is also an increase in the pressure at the plateau region of the isotherms for 1-4 (liquid-condensed + liquidexpanded region) between ∼75 Å 2 and ∼48 Å 2 that seems to be proportional to the head-group size. A larger head-group size appears to postpone emergence of the liquid-condensed phase until higher surface pressures are reached.
The surface compression data shown in Fig. 3 are expressed numerically in Table 1 . By doing so, we can more readily compare the particular inflections that appear on the graph. Each such inflection is the transition between one phase of surface molecular organization and another. For compounds 1-4, the first inflection represents the area at which the monolayer enters the liquid-expanded phase. The second inflection represents entry into the liquid-expanded + liquid-condensed coexistence region. The third represents exit from this region. The fourth transition represents either an apparent transition between two different liquid-condensed phases or a transition to a solid phase observed only for compound 3. For compound 5, the first inflection represents direct entry into the liquid-condensed phase. Within each row of Table 1 , a larger molecular area represents a less organized phase on the aqueous surface.
The first transition observed for 1-5 varies according to head-group size. As the size (area) of X in 1-5 increases [OH < OCH 2 Ph < Gly-OCH 2 Ph < (Gly) 3 -OCH 2 Ph < (Gly) 3 -Pro-(Gly) 3 -OCH 2 Ph], the molecular area at the first transition also increases. Compounds 1-4 also show second and third inflections, which are the same within experimental error. Compounds 1-5 have the same collapse area of ∼36 ± 4 Å 2 , which corresponds to the known molecular crosssection of two hydrocarbon chains [24] . It thus appears that 1-5 are closely packed with the hydrophobic chains oriented perpendicular to the water surface immediately prior to collapse.
Behavior of compound 5
Fig . 3 shows that the surface pressure-area isotherm of 5 differs from those of 1-4. Compound 5 does not exhibit a liquid-expanded phase. The first inflection point observed for 5 appears at 54 Å 2 and collapse occurs at 36 Å 2 . At this stage, the twin alkyl chains are presumably vertical with respect to the aqueous plane. Thus, only the most polar fragment of the structure is expected to remain in contact with water. The first level of organization, i.e., 54 Å 2 , suggests a surface area corresponding to a square about 7-7.5 Å on a side or a circle of about 8-8.5 Å in diameter.
We constructed space-filling (CPK) molecular models and also used a simple molecular modeling program to assess the molecular size of 5. An energy minimized model of (CH 3 ) 2 N-COCH 2 OCH 2 COOH was created in the ChemDraw/Chem 3D program; it is shown in Fig. 4 . We used a dimethyl, rather than a dioctadecyl, derivative to simplify the calculations. The compound's molecular dimensions were obtained by using X-seed [25] and the molecular model shown in Fig. 4 was rendered using Pov-Ray [26] . The physical and computational models were measured in all dimensions; the maximum distance values were 8.7 Å and 4.2 Å. Assuming that these dimensions define a rectangle, the area is 36.5 Å 2 . This corresponds well with the area at the collapse pressure of 5. We infer that this represents the minimum size of all diglycoylamide derivatives.
The initial inflection point for this molecule, 54 Å 2 , is about 1.5 times larger than is the area at collapse. Further, it corresponds to an inflection point, usually the penultimate one, observed for all five of the molecules studied here. This transition at ∼54 Å 2 marks the point at which compounds 1-5 enter the liquid-condensed phase. Compound 5 can bind to water at the interface through hydrogen bonding interactions. Fig. 5 shows only some of the possible ways in which compound 5 can interact with individual water molecules. The hydrocarbon tails of 5 are omitted for clarity. Both of the hydrogens in water can H-bond to oxygen atoms in the diglycolylamide moiety. Additionally, any water oxygen may interact with the electron-poor amide nitrogen through sigma-donation of the lone pair electrons on oxygen. These interactions could cause an overall polarization of the diglycolic acid headgroups, with resulting intermolecular repulsion between amphiphilic monomers. The transition at 54 Å 2 seen in the isotherm may arise from this direct interaction between the diglycolic acid headgroup of 5 with the water subphase.
Pressure-area isotherm behavior of 1-3
Compounds 1-3 can all be described by the general formula (C 18 H 37 ) 2 N-COCH 2 OCH 2 CO-(Aaa) n -OCH 2 Ph, where (Aaa) n is glycine (3), triglycine (2), or (Gly) 3 -Pro-(Gly) 3 (1) . All terminate in a benzyl ester and are linked to twin octadecyl chains by diglycolic acid. In all three cases, collapse is observed at an area of 36±4 Å 2 . Indeed, the collapse of 4, which lacks any glycine, and 5, which lacks both glycine and the benzyl ester, are within this range. As noted above, the polar diglycoyl residue occupies approximately this area with vertical, closely packed hydrophobic tails.
Simple molecular dynamics and energy minimization calculations conducted on (CH 3 ) 2 N-COCH 2 OCH 2 CO-Gly-OCH 2 Ph (similar to 3) and (CH 3 ) 2 N-COCH 2 OCH 2 CO-(Gly) 3 -OCH 2 Ph (similar to 2) suggested that both molecules can form compact structures. Fig. 6 shows space-filling representations of dimethyl (rather than dioctadecyl) derivatives of 2 and 3. The monoglycyl analog of compound 3 is at the left and the triglycine analog of 2 is to the right. The structures are positioned so that the benzene rings are at the lower right in both cases.
In 3, it is apparent that the N-terminal nitrogen is proximate to the benzene ring. To the extent that amide resonance renders the nitrogen positive, it may interact with the pi-electron rich benzene ring. A different interaction is apparent in the computed structure of 2. In this case, the second amide NH hydrogen is pointed toward the benzene ring. The N-H···arene distance is ∼3.6 Å. It is clear that the "height" of the two models is similar. The larger (like 2, right) is almost circular and the measured distance across in any direction is 7-8 Å. A radius of 4 Å gives a circle with an area of ∼50 Å 2 , consistent with the molecular area at the third transition seen in the isotherm of 2. The orientation of the two methyl groups, representative of the hydrophobic octadecyl chains, are turned toward the viewer in the structure shown for 2. Fig. 3 shows that compounds 1-4 undergo several transitions before collapse. A main feature common to each isotherm is the plateau region between ∼75 Å 2 and ∼48 Å 2 . To gain microscopic information about the surface behavior of these molecules, Brewster angle microscopy was performed at the air-water interface for compound 4. Compound 4 shows welldefined, star-shaped domains at 48-50 Å 2 which is in the liquid-condensed + liquid-expanded coexistence region of the surface pressure-area isotherm (Fig. 7b-g ). The bright, star-shaped domains are the ordered liquid-condensed regions. The observation of star-shaped domains indicates a well-ordered phase with significant lateral interactions between headgroups. The dark region between these bright domains is the less ordered liquid-expanded phase of the monolayer.
Brewster angle microscopy
Beginning at 47 Å 2 (Fig. 7g) , the bright domains coalesce to form a uniform liquid-condensed state (nearly featureless, not illustrated). At this point, no liquid expanded regions are seen. The different aggregation states illustrated correspond well with the pressure-area isotherm illustrated in panel (a) of Fig. 7 . The value shown there for the phase transition to the condensed state is 46 Å 2 . Upon further compression to 30 Å 2 , disordered bright spots appear (Fig. 7h) . Such disordered bright spots indicate three-dimensional aggregation and are characteristic of monolayer collapse.
Hydrophobic-hydrophilic balance
The N-terminal hydrocarbon anchor residues of 1-5 are obviously hydrophobic. In order to better understand the hydrophobic-hydrophilic balance, we used commercial programs to calculate log P values for various components of these amphiphiles. Log P is a hydrophobicity index that characterizes a compound's preference for the aqueous phase versus n-octanol. The latter is used as an approximation of phospholipid bilayer membrane polarity. Although the results obtained from several software programs were compared, the data discussed here were acquired by using the Internet version of A log P [27].
Log P values have both a sign (positive or negative) and a magnitude. A positive value means that the molecule is hydrophobic, while a negative number reflects hydrophilicity. Dioctadecylamine has a value of 10.51 (see Table 2 ), meaning that the molecule is quite hydrophobic. The hydrophilic diglycolic acid portion has a negative value of -1.66 or -1.18, depending on the substitution of the amidenitrogen. The most hydrophilic peptide fragment in Table 2 is GGGPGGG-OCH 2 Ph; it has a log P value of -1.13. Compound 1 combines the hydrophobic alkylamine, the hydrophilic diglycolyl fragment, and the hydrophilic peptide sequence resulting in an amphiphilic peptide.
Inferences concerning SAT organization
The hydrophobicity study immediately preceding confirms that the peptide functions as the headgroup in these amphiphilic molecules. The systematic size variations presented in Table  1 and Fig. 3 confirm that the peptide is always present at the air-water interface. We further infer that the air-water interface reflects the aqueous-bilayer interface and that the peptide module of the SAT forms the headgroup for these amphiphiles. The surface pressure isotherm data show a size trend (at the first transition) that accords nicely with the peptide or amino acid present in amphiphiles 1-3. As the surface pressure increases, a minimum area of about 36 Å 2 is reached. Molecular modeling shows that this conformation is highly condensed and it is unlikely to reflect the entry portal of a Cl 2-conducting pore.
Conclusions
Surface pressure-area isotherm measurements of synthetic anion transporter (SAT) 1 and its truncated analogs (2-5) agree with molecular size values predicted by molecular modeling. As the head-group size varies from 0 to 7 amino acids in length, the isotherms show an increase in both molecular area at the first transition and a pressure increase in the liquid-expanded + liquid-condensed coexistence ("plateau") region. Molecular areas elucidated from the isotherms reveal that the peptide modules of the SAT are present on the aqueous surface. The combination of log P calculations, air-water interface studies using the Langmuir trough, and Brewster angle microscopy all demonstrate that these SAT molecules are amphiphiles. Compelling visual evidence for the changes in molecular organization were obtained by BAM and these correlate well with the surface pressure-area isotherms. Thus, the peptide sequence Gly-Gly-Gly-Pro-Gly-Gly-Gly of 1 comprises the hydrophilic headgroup while the dialkylamine moiety serves as the hydrophobic tail in this amphiphilic, pore-forming monomer.
Experimental
General
1 H NMR spectra were recorded at 300 MHz in CDCl 3 solvents and are reported in ppm (δ) downfield from internal (CH 3 ) 3 Si. 13 C NMR spectra were recorded at 75 MHz in CDCl 3 . Melting points were determined using a Thomas Hoover apparatus in open capillaries and are uncorrected. Solvents were distilled prior to use, and all reagents were the best (non-LC) grade commercially available.
(C 18 H 37 ) 2 N-COCH 2 OCH 2 CO-(Gly) 3 -Pro-(Gly) 3 -OCH 2 Ph, 1 was prepared as previously reported [28] .
(C 18 H 37 ) 2 N-COCH 2 OCH 2 CO-(Gly) 3 -OCH 2 Ph, 2 was prepared as previously reported [28] . 
Surface pressure-area isotherm studies of monolayers at the air-water interface
HPLC grade chloroform from Aldrich (St. Louis, MO) was used to prepare amphiphile solutions with a concentration of ∼1 mg mL -1 as determined by weight. Surface pressure-area isotherm experiments were carried out on a Langmuir trough (Nima, UK). Surface pressure was measured with a Wilhelmy plate made out of filter paper. Sub-phase temperature was maintained at 23.0±0.1 °C by an Isotemp 3016 circulating thermostat. The subphase contained ultrapure water with a resistivity of 18.2 M (Millipore). Monolayers were formed by spreading 50 μL of a CHCl 3 solution of compounds 1-5 (∼1.0 mg mL -1 ) onto the subphase and allowing 10 min for the solvent to evaporate. Trough barriers were compressed at a constant speed of ≤0.3 nm 2 molecule -1 min -1 . Data are plotted as surface pressure (mN m -1 ) versus molecular area ( Å 2 ). Isotherm data were collected in triplicate on each of 4 separate days, resulting in a total of 12 individual trials for each compound to obtain accurate isotherm information.
Brewster angle microscopy
BAM images were collected using a MicroBAM2 (Nanofilm Technology, Göttingen, Germany) fitted over the Langmuir trough. The light source is a 659 nm laser diode with 30 mW maximum optical power. The images were captured by a CCD camera and stored on a PC. Field of view for raw image is approximately 3.6 mm × 4.0 mm. Images were resized to 1.8 mm × 2.0 mm in Fig. 7 . Barrier compression speed was 5 Å 2 molecule -1 min -1 . Proposed mechanism by which two (C 18 H 37 ) 2 N-COCH 2 OCH 2 CO-(Gly) 3 -Pro-(Gly) 3 -OCH 2 Ph (SAT) molecules insert into the membrane bilayer to form a pore. Surface pressure-area isotherms for 1-5 on pure water. 3D model of (CH 3 ) 2 NCOCH 2 OCH 2 COOH. Hydrogen bonding interactions between H 2 O and (C n H 2n+1 ) 2 N-COCH 2 OCH 2 CO-OH, 5. Space-filling representations of (CH 3 ) 2 N-COCH 2 OCH 2 CO-Gly-OCH 2 Ph (left) and (CH 3 ) 2 N-COCH 2 OCH 2 CO-(Gly) 3 -OCH 2 Ph (right), dimethyl analogs of 3 and 2, respectively. Table 1 Summary of transition points in pressure-area isotherms obtained by using a Langmuir-Blodgett trough n/a n/a n/a 36 ± 1
